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a b s t r a c t
Meiofauna organisms play an important role in ecological and sedimentary processes in estuarine
ecosystems. Recently, the application of environmental DNA (eDNA) for investigating meiofauna in
different environments, improved the accessibility to its diversity and composition in a scale, frequency
and depth previously unattainable. Nevertheless, little attention has been given to the description of
baseline patterns of coupled spatial and temporal dynamics of meiobenthic communities. In an earlier
study conducted in Lima estuary (NW Portugal), using eDNA metabarcoding of sediment samples, high
levels of meiofauna Operational Taxonomic Units (OTUs) turnover were recorded, between sampling
points only a few metres apart, and among sampling stations along the estuary. In order to verify
the consistency of these patterns, in the current study we re-assessed Lima estuary’s meiofauna
communities approximately 1 year after, applying the same methodological approach (targeting
segments of the COI and 18S rRNA genes), and expanding HTS-data analyses through the use of
association networks. A high degree of spatial turnover was found both within and between sampling
stations and this was consistent for both markers and years. As a consequence, most of the beta-
diversity was accounted by OTU replacement with only a minor contribution from OTU richness.
Despite the high levels of OTU replacement, relatively stable network properties were found in
meiofaunal communities, irrespective of the sampled year. Network properties appear to shift sharply
from the downstream/high salinity area of the estuary to the mesohaline medium-upstream areas,
suggesting high resilience and redundancy of meiofaunal communities along the estuarine gradient.
The recognition of meiofauna’s networks features may improve the understanding of the ecology and
dynamics of these communities that apparently hold large portions of variable elements, thereby
making difficult their analyses solely based on the OTU/species composition.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction
Among the components of the benthic domain, meiofauna
plays an important role in ecological, trophic and sedimentary
processes (Schratzberger and Ingels, 2018). Meiobenthos com-
prises both small typical marine metazoans and large protists,
and juvenile stages or encystments of macrobenthic organisms,
characterized by morphological and functional adaptation to the
interstitial life (Giere, 2009). Earlier ecological studies have shown
the importance of meiofauna in terms of biomass contribution
in the food chain and bioturbation (Gerlach, 1971; Schratzberger
∗ Corresponding authors at: Centre of Molecular and Environmental Biology
(CBMA), University of Minho, Portugal.
E-mail addresses: maria.fais@bio.uminho.pt (M. Fais),
bruno.bellisario@gmail.com (B. Bellisario), fcosta@bio.uminho.pt (F.O. Costa).
and Ingels, 2018), as biological resource (Coull, 1999; Heip et al.,
1985) and bioindicator of anthropogenic disturbances on marine
and coastal ecosystems (Danovaro et al., 2004). Despite their
limited reproductive output and dispersion, many meiofauna taxa
have cosmopolitan distributions and rapid generational turnover
(Fenchel and Finlay, 2004; Giere, 2009). Environmental features
and biological interactions play an important role in the spatial
and temporal distribution of meiofaunal communities at local
scale, especially in naturally and anthropogenically-stressed en-
vironments, such as estuaries. A combination of factors, such as
salinity and precipitation, tidal exposure, food availability and
content in organic matter, oxygen, nutrients, and trophic interac-
tions (predation, parasitism, competition) determine the spatial
distribution and seasonal turnover of meiofaunal communities
(Giere, 2009 and references therein).
https://doi.org/10.1016/j.rsma.2020.101341
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Despite its potential and relevance for assessing ecological
quality status in coastal ecosystems, meiofauna has not been
included in most of the established broad-scale national or supra-
national environmental monitoring frameworks (Moreno et al.,
2011; Pusceddu et al., 2007; Schratzberger, 2012; Ürkmez et al.,
2015). The limited accessibility and taxonomic knowledge of the
meiofauna has been hampering a comprehensive understanding
of the spatial and temporal dynamics of the whole benthic do-
main and, consequently, the protection of the full sweep of diver-
sity in that important component of coastal ecosystems (Gibson
et al., 2015). Morphology-based approaches have been insuffi-
cient to gain an in-depth knowledge on patterns of variability
at the local and global scale of these taxonomically-challenging
meiofaunal communities (Leasi et al., 2018; Zeppilli et al., 2015;
Zeppilli and Leduc, 2018). In recent years, the development and
application of DNA-based methods for biological identifications,
such as DNA metabarcoding, has made possible the simultane-
ous identification of multiple organisms from bulk samples (Ha-
jibabaei et al., 2012), from community DNA (Andújar et al., 2018),
or indirectly from environmental DNA (Taberlet et al., 2018).
Notably, the application of DNA metabarcoding for investigating
meiofauna from different environments improved the accessi-
bility to its diversity and composition in a scale, frequency and
depth previously unattainable (Haenel et al., 2017; Lallias et al.,
2015; Leasi et al., 2018; Nascimento et al., 2018). Neverthe-
less, little attention has been given so far to the description of
baseline patterns of coupled spatial and temporal dynamics of
meiobenthic communities (Guardiola et al., 2016).
Although species richness can be considered a key element
in applied and conservation ecology, the total number of species
per se may show high temporal and spatial variability, strongly
influencing their spatial arrangement of species and the pattern
of coexistence between co-occurring species; this situation may
be especially true in estuaries (Sousa et al., 2008; Costa-Dias
et al., 2010; Ilarri et al., 2014). Change in species across space
can be determined by different mechanisms related to what
extent species replacement, nestedness and richness concur in
determining the observed patterns of beta-diversity (Legendre,
2014). For instance, environmental filtering, competition and his-
torical events can lead to a high replacement (i.e., turnover) of
species, while niche availability might influence species rich-
ness in space. Therefore, partitioning beta-diversity into different
components may allow for a more comprehensive understand-
ing of the mechanisms driving diversity patterns and species
co-existence.
A promising avenue to better understand and disentangle
the role of different mechanisms on the coexistence of species
is the possibility to reconstruct association networks from co-
occurrence data, assuming that dissimilarities caused by species
turnover should influence the overall dissimilarity in
co-occurrences between networks (Poisot et al., 2012). Although
co-occurrence networks cannot reveal real biotic interactions,
they may be particularly valuable in identifying community as-
sembly processes (Freilich et al., 2018; Sander et al., 2017), or the
effects of natural and anthropogenic disturbance on community
structure (Tulloch et al., 2018).
In an earlier metabarcoding study on meiofaunal communities
in Lima estuary (NW Portugal; Fais et al., 2020), we recorded
unexpectedly high levels of Operational Taxonomic Units (OTUs)
replacement between sampling points only a few metres apart
(4–5 m), and among sampling stations along the estuarine gradi-
ent. In order to verify the consistency of these patterns, we re-
assessed Lima estuary’s meiofaunal communities circa one year
after (June 2017–June 2018), applying the same methodological
approach targeting two molecular markers (selected segments of
COI and 18S rRNA genes), and surveying exactly the same sam-
pling stations. Here, we used beta-diversity partitioning and net-
work analysis to gain insight into the inner structural properties
of meiofaunal communities. Results showed an apparent stability
of association network features despite the high spatial and tem-
poral replacement of OTUs. Overall, the combined use of metabar-
coding data and network analysis may constitute a particularly
fit and productive supplement for meiofauna’s metabarcoding-
based monitoring, considering the typically high-rank taxonomic
assignments, due to low reference library completion (McGee
et al., 2019; Weigand et al., 2019) and the uncertainty about
specimen abundance inferences (Bik et al., 2012; Elbrecht and
Leese, 2015).
2. Material and methods
2.1. Study area and environmental characterization
Sampling campaigns took place in the Lima estuary (NW Por-
tugal; Figure S1), an estuarine system characterized by compar-
atively moderate anthropogenic disturbance (Sousa et al., 2006,
2007; Costa-Dias et al., 2010). Salinity in the Lima estuary usually
varies according to tides action and river flows, which depends
on the spatial and temporal distribution of rainfalls (Vieira and
Pinho, 2010). For the purpose of this study, sampling of intertidal
sediments was carried out during low tide conditions, in the
same month (June) in 2017 and 2018, in four stations of Lima
estuary: Darque (DAR; lat 41◦68’33’’N, lon 08◦82’76’’W); Meadela
(MEA; lat 41◦69’51’’N, lon 08◦81’12’’W); Santa Marta de Portuzelo
(POR; lat 41◦69’78’’N, lon 08◦77’18’W) and Serreleis (SER; lat
41◦77’18’N, lon 08◦74’93’’W).
A nonparametric two-way ANOVA based on aligned rank trans-
formation (ART; Wobbrock et al., 2011) was used to test for
the effect of fixed factors (years, sampling stations and their
interaction) on environmental parameters (salinity, grain’s size
and total organic matter). For each effect, ART computes a sepa-
rated aligned response variable by transforming it into a ranking
and applies a separate ANOVA to check for the significance of
the corresponding effect. Differently from other nonparametric
alternatives that allow for a comparison only among main effects
(e.g., Kruskal-Wallis and Friedman tests), ART can be used to
examine interaction effects by correcting for increasing Type I
errors (false positive; Wobbrock et al., 2011).
2.2. Sample collection and DNA extraction
Three replicates, containing the first 5 cm (± 0.5 cm) of
intertidal sediments, were sampled from each station directly
into 50 mL sterile Falcon R⃝ tubes (3 cm ø), about 5 m apart
from each other (12 samples/year). Additional sediment samples
were collected to assess the total organic matter (TOM) and
granulometry (Supplementary Material, Table S1), as described
in Fais et al. (2020). Salinity was measured in surface water of the
lower tidal zone at each sampling station using a Multiparameter
Sea Gauge YSI EXO 2. DNA was extracted directly from 10.0 g of
sediment, using the QIAGEN R⃝ PowerMax Soil DNA Isolation kit
(cat#12988-10), following the manufacturer’s instructions except
for the usage of a multi-tube vortex during the lysis step, and
setting up of the posterior centrifugation to 5 min. Negative
extraction controls were performed during this step, by using
exactly the same procedure, but without sediment, for checking
for contamination of the solutions of the DNA extraction kits
and labware materials used. These negative controls were further
used during PCR reactions.
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2.3. Molecular and bioinformatic procedures
The primer pairs miCOIintF/LoboR1 (Leray et al., 2013; Lobo
et al., 2013) and TAReuk454FWD1/TAReukREV3 (Lejzerowicz et al.,
2015; Stoeck et al., 2010) were used to amplify an internal region
of 313 bp of the mitochondrial cytochrome c oxidase I (COI)
and the V4 hypervariable region of the 18S rRNA gene (∼400
bp), respectively (Supplementary Material, Table S2). Negative
controls were tested during the first and the second amplifica-
tion reactions, which followed the conditions described in Table
S3 (Supplementary Material). First, PCR products were purified
and normalized in a SequelPrep 96-well plate kit (ThermoFisher
Scientific, Waltham, USA), before being pooled and paired-end
sequenced in the Illumina MiSeq R⃝ platform, according to man-
ufacturer’s instructions (Illumina, 2013). Amplicon libraries were
obtained for a total of 48 samples (3 sampling units per sta-
tion and per marker locus). The 313 bp (COI) and ∼400 bp
(V4) amplified fragments were purified and quantified through
the AMPure XP beads (Agencourt, Beckman Coulter, USA) and
PicoGreen dsDNA quantitation kit (Invitrogen, Life Technologies,
Carlsbad, California, USA), respectively. Sequencing adapters and
low-quality reads (≤ 150 bp and ≤Q25 in a window of 5) were
removed at Genoinseq, using PRINSEQ v.0.20.4 (Schmieder and
Edwards, 2011). Both the high-throughput sequencing proce-
dures and the pre-processing of the reads were carried out at
Genoinseq (Biocant, Cantanhede, Portugal).
De-multiplexing, sequencing filtering and processing, and OTU
clustering (97% of similarity) were performed simultaneously
as described in Fais et al. (2020), following customized opera-
tive procedures in mothur v.1.39.5 (Kozich et al., 2013; Schloss
et al., 2009). The Basic Local Alignment Search Tool (BLAST)
v.2.6.0 (Benson et al., 2018; last access: April 2019) were pro-
cessed in GNU Parallel (Tange, 2011; last access: April 2019)
with e-value 1e-30, -max_target_seqs 50, -perc_identity 70 set-
tings. The taxonomic assignment to the lowest possible rank
of the representative sequences of each OTU (i.e., sequences
within the distance threshold defined for each OTU centroid
in each dataset; He et al., 2015; Rognes et al., 2016) was run
on the MEtaGenome ANalyzer (MEGAN) v.6.13.1 (Huson et al.,
2016), as described in Fais et al. (2020). Taxonomic attribu-
tions to intermediate ranks (e.g., infraclass, infraorders, suborders
and/or lack of specific rank) were assigned to the taxonomic level
immediately above. Only the OTUs assigned to the meiofauna
sensu Giere (2009) were used in the subsequent phases of the
analysis
(namely, taxonomic composition of the community and OTU
network analysis). The final OTU tables for the COI and the 18S
have been designed in Microsoft R⃝ Excel R⃝ to display both the
correct taxonomic attribution of each single OTU/representative
sequence and the number of sequences within each OTU for each
data set.
Raw sequences without barcodes/adapters are available on
the Sequence Read Archive (SRA) of NCBI (https://www.ncbi.
nlm.nih.gov/sra/), in the BioProject PRJNA611064, under the ac-
cession numbers SAMN14331043 and SAMN14331044 (for the
COI and 18S samples of 2017, respectively), and the accession
numbers SAMN14944165 and SAMN14944245 (for the COI and
18S samples of 2018, respectively).
2.4. Meiofaunal taxonomic diversity
Rarefaction and accumulation curves for OTUs assigned to
meiofauna were generated using the vegan package (Oksanen
et al., 2013) implemented in R (R. Development Core Team, 2018;
www.r-project.org), to verify the success of the sequencing depth
in representing sample diversity and the number of samples used
in representing community diversity. OTU richness was calcu-
lated for each sampling station in each year as the accumulated
number of the three replicates within each station, for COI and
V4.
OTU tables were first optimized to avoid possible biases asso-
ciated with unequal sequencing effort among samples and arte-
facts introduced in PCR and sequencing processes, as well as
interspecific variation in the intra-genomic copy number of bar-
coding regions (Toju, 2015). Sequencing reads were then rarefied
to a subsampling size corresponding to the smallest number
of total reads in the original sample-level matrix, to equalize
sequencing effort among samples so as to take into account
samples with varying total read counts. Data were finally con-
verted in binary sample-levels matrices (0/1) representing the
presence/absence of each OTU attributed to meiofauna on each
sampling point.
Beta diversity was used to test for differences between sam-
pling stations along the estuarine gradient. Besides quantifying
the compositional difference of biological communities, beta di-
versity can be partitioned into different components, useful to
disentangle the mechanisms involved in diversity patterns. Dif-
ferent approaches have been proposed, mainly based on mea-
sures incorporating species replacement and richness differences
between communities, or by considering a special case of species
richness difference, that is, nestedness (Baselga, 2010, 2012).
Nestedness refers to a peculiar pattern characterized by an or-
dered difference of species richness without replacement, where
poorest sites are strict subsets of the richest sites (i.e. richest
sites have unique species not present in poorest sites). How-
ever, nestedness may ignore the real differences in species rich-
ness (Carvalho et al., 2012), accounting for differences only when
sites are nested (i.e. sites have at least one common species) and
overestimating the replacement component (Tuomisto, 2010).
Therefore, a measure able to take into account all richness differ-
ences between sampled communities (independently of whether
they are nested or not) has been used, by partitioning the total
beta diversity (βtot) into species replacement (βrep) and richness
difference (βrich; Carvalho et al., 2012). The function beta.multi
in the BAT (Cardoso et al., 2015) package of R (R. Development
Core Team, 2018; www.r-project.org) was used to quantify the
relative contribution of OTU replacement and richness between
the sampling stations in different years, by using the Jaccard
distance on the presence/absence OTU tables.
For each marker used (COI and 18S) and year (2017 and 2018),
a Principal Coordinate Analysis (PCoA) was performed to visualize
the degree of dissimilarity between pairs of stations by using the
Jaccard distance and the envfit function in the vegan package of R
was used to fit environmental variables on the ordination pattern,
assessing the significance of fitted variables (p < 0.05) by means
of n = 1, 000 permutations.
Finally, to assess the correlation in the dissimilarity pattern be-
tween sampling stations in different years, comparative (Mantel-
type) tests were used based on the Jaccard dissimilarity matrices.
The same tests were performed to assess the patterns produced
in metabarcoded datasets using the two different loci.
2.5. Metabarcoding data network inference and structure
OTUs co-occurrence networks were built for each sampling
station and year from two OTUs tables derived from the use of dif-
ferent markers (COI and 18S). Here, a probabilistic co-occurrence
analysis was used to quantify the likelihood of co-occurrences be-
tween each pairwise combination of OTUs (Veech, 2013). Differ-
ently from other traditional methods based on data randomiza-
tion, the probabilistic approach has the advantage of having low
Type I (false positive) and II (false negatives) error rates (Veech,
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2013). The model provides, analytically, the probability that two
selected OTUs co-occur at a frequency either less or higher than
an expected frequency of co-occurrence, measured on a ran-
dom and independent distribution between pairs of OTUs. This
probability, with a significance level α = 0.05, can be used
to determine the number of significant positive and negative
links between OTUs, measured by a standardized effect size lying
between +1 (complete positive association-aggregation) and −1
(complete negative association-segregation).
A series of complementary and universal network metrics
were used to test for differences in the pattern of OTUs aggrega-
tion/segregation between sampling stations, years and primers.
First, the number of co-occurring OTUs (n) has been derived as
a surrogate measure of richness, since the final number of OTUs
in a network may deviate from the starting sample-level matrix
due to non-significant association between pairs during inference.
Then, the total number of both positive and negative associations
(l) and the linkage density (LD = l/n), the average number of
positive/negative associations per OTU, were quantified. Finally,
modularity (Q ), a widely used metric able to measure the degree
to which a network can be subdivided in aggregated sets of nodes
(i.e., modules) where the within-module links are significantly
higher than between-module ones (Newman and Girvan, 2004)
was calculated. From an ecological point of view, modularity pro-
vides a formal description of the pattern of co-occurrence, where
high values correspond to a clear subdivision of the network in
distinct group of aggregated/segregated OTUs (Bellisario et al.,
2019). Modularity was measured by using a fast approximation
of the Newman’s algorithm (2004) based on heuristic modular
optimization (Blondel et al., 2008) and networks with modu-
larity values of Q > 0.4 were considered as having a modular
structure (Newman, 2004).
Finally, a nonparametric three-way ANOVA based on aligned
rank transform (ART, Wobbrock et al., 2011) was finally used
to test for the effect of fixed factors (years, sampling stations,
primers and the interaction between stations and years) on net-
work metrics.
3. Results
Among all measured environmental parameters, salinity was
the only showing a significant difference between years and
between different sampling stations (F > 40, p < 0.001, for both
factors), with average low values in 2018 and, as expected, in-
creasing values moving from inland to the coast.
3.1. High throughput sequencing data
A total of 943,334 (COI) and 871,585 (18S) sequences were
produced following the de-multiplexing and combination of the
pair-end reads. After all filtering processes, 368,472 (COI) and
405,740 (18S) of processed sequences have been BLASTed and
clustered in 436 and 555 OTUs, respectively.
For COI, 433 OTUs were assigned among the Eukarya domain:
137 to Animalia, 96 to Chromista, 15 to Protozoa, 7 to Fungi, 5
to Plantae and 174 to unknown eukaryotes. For 18S, 140 OTUs
were assigned to Animalia, 172 to Chromista, 4 to Protozoa, 9 to
Fungi, 17 to Plantae and 212 to unknown eukaryotes, for a total
of 554 OTUs within the Eukarya domain (Supplementary Material,
Tables S4 and S5).
OTUs attributed to meiofauna, sensu Giere (2009), were in total
66 for COI (53 Animalia and 13 Protozoa) and 164 for 18S (126
Animalia, 35 Chromista and 3 Protozoa).
Rarefaction curves of OTUs attributed to meiofauna reached
the saturation at 253 OTUs and 1,431 OTUs, for COI and 18S,
respectively (Supplementary Material, Figure S2). Accumulation
curves did not display sufficient saturation to explain the whole
diversity within the community (Supplementary Material, Figure
S3).
Table 1
Results of the beta-diversity partitioning measured as the average or variance
of all pairwise values. βTot , total beta-diversity; βRep , beta diversity explained
by replacement of OTU alone; βRich , beta diversity explained by OTU loss/gain
(richness differences) alone. Numbers in parentheses are the variance after
resampling (n = 100).
Primer (Year) βTot βRep βRich
COI (2017) 0.836 (± 0.0156) 0.583 (± 0.0108) 0.253 (± 0.005)
COI (2018) 0.792 (± 0.0176) 0.444 (± 0.009) 0.348 (± 0.007)
18S (2017) 0.877 (± 0.0157) 0.616 (± 0.0108) 0.272 (± 0.005)
18S (2018) 0.808 (± 0.0179) 0.468 (± 0.001) 0.341 (± 0.007)
3.2. Taxonomic composition of meiofaunal community
In general, nematodes were the dominant group in all the
stations, for each locus and sampling year. Other dominant groups
were crustaceans, amoebozoans and annelids for COI, and platy-
helminths, ciliophorans and crustaceans for the 18S (Fig. 1). Some
taxa were exclusively detected by only one marker locus. For
example: Cnidaria, Spionida (Nematoda), Terebellida (Nematoda),
Tricladida (Platyhelminthes) were detected only by COI; Bry-
ozoa, Gnathostomulida, Ciliophora, Heliozoa, Enchytraeida (An-
nelida), Phyllodocida (Anellida), Cyclopoida (Crustacea), Araeo-
laimida (Nematoda), Plectida (Nematoda), Macrostomorpha (Platy-
helminthes), Prolecithophora (Platyhelminthes) and Proseriata
(Platyhelminthes) by 18S (Fig. 1; Supplementary Material, Table
S6).
Harpacticoida, Plectida, Enoplida and Enchytraeida were
present more or less in all sampling stations and years (Supple-
mentary Material, Table S6), while other taxonomic groups had
a more sporadic presence: Bryozoa were detected only at SER
station in 2018; Cnidaria at SER in 2017 and at POR and SER in
2018; Gnathostomulida at MEA station in both years; Heliozoa at
POR station (Fig. 1).
3.3. Community composition and beta diversity
Temporal comparison indicated a very similar number of total
OTUs recovered by using different primers (60 versus 55 OTUs,
for COI, and 147 versus 140 OTUs, for 18S, in 2017 and 2018,
respectively; Fig. 2), showing, overall, a high percentage of shared
OTUs between years (approximately 75% for both marker loci,
Fig. 2). Within each year, a very low percentage of shared OTUs
among all sampling stations was found, in a percentage varying
between approximately 6 to 11% (Fig. 3). Within each station, the
% of shared OTUs between years was slightly higher and varied
between apporximately 32 and 62%, for COI, and 34 and 51%,
for 18S (Fig. 2). This pattern was confirmed by the ordination
of sampled communities provided by the PCoA showing that the
structure and composition of metabarcoded communities was not
influenced by the use of different primers, although differences
were found between years (Fig. 4). These results suggest a high
degree of spatial turnover both within and between sampling
stations. Consequently, most of the beta-diversity was accounted
by OTU replacement with only a minor contribution from OTU
richness (Table 1). No correlation was found between communi-
ties’ composition in different years regardless of the primer used
(Mantel test, p > 0.7 for both primers), although a significant
correlation was observed between COI and 18S within the same
years (Mantel test, p < 0.01).
3.4. Network analysis
None of the network metrics differed between used primers,
meaning that association networks showed invariant properties
despite the strong differences in OTU delimitation provided by
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Fig. 1. Taxonomic composition of meiofaunal communities in Lima estuary detected by COI (A) and 18S (B). The phylum Arthropoda was divided in the two
meiofaunal groups Crustacea and Trombidiformes. Numbers on the top of each bar indicate the number of phyla found in each station and sampling year. DAR,
Darque; MEA, Meadela; POR, Santa Marta de Portuzelo; SER, Serreleis.
Fig. 2. Venn diagrams showing the total number of shared and unique OTUs between sampled years and for each of the target gene segments used, found among
all stations (in grey), and for each station separately. DAR, Darque (blue); MEA, Meadela (green); POR, Santa Marta de Portuzelo (orange); SER, Serreleis (violet).
Venn diagrams were obtained with the R package VennDiagram (Chen and Boutros, 2011). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
COI and 18S. Although an increasing number of co-occurring
OTUs can be observed moving from the coast to the inland (Fig. 5),
none of the main factors and their interaction provided statistical
support for significant differences. The number of positive asso-
ciations significantly differed between sampling stations (F > 8.4,
p < 0.011, df = 3), suggesting an increasing pattern of aggregation
(i.e., positive linkage density) moving from the coast to inland
(Fig. 5). The total number of negative associations and connected-
ness (i.e., negative linkage density) did not show any significant
spatial or temporal difference (F < 1.08, p > 0.2 in both cases),
although a year-to-year variation within sampling stations can
be observed (F > 5.148, p < 0.034, df = 3 for both parameters),
decreasing in stations closest to the coast. Overall, modularity
differed between stations (F = 14.471, p = 0.002, df = 3) and
within stations in different years (F = 22.488, p < 0.001, df = 3),
suggesting an increasing modular structure moving from inland
to coastal stations in 2017 with no significant differences in 2018.
4. Discussion
In this study, the usefulness of integrating eDNA metabarcod-
ing and s network ecology analysis was demonstrated to provide
evidences of peculiar patterns in meiofaunal community compo-
sition, otherwise difficult to detect with current analytical frame-
works. Despite the limited spatial and temporal extension of the
study, relatively stable properties of meiofaunal communities in
terms of taxonomic composition, dissimilarity (i.e., beta diversity)
and specific network feautures were found. Overall, it has been
demonstrated how both the taxonomic replacement of OTUs and
their associations (e.g., positive vs. negative segregation) are the
main mechanisms structuring meiofaunal communities along the
Lima estuary gradient.
The introduction of DNA-based methods is highlighting the
narrow range distribution of some species complexes (Bhadury
et al., 2006a,b; Markmann and Tautz, 2005; Pawlowski et al.,
1994) and allowing to identify important taxa within meio-
fauna (Giere, 2009). Additionally, the application of DNAmetabar-
coding for assessing meiofauna at different spatial scales and in
different environments is making possible further clarifications
on the ecology of this community (Fais et al., 2020; Fonseca et al.,
2014, 2017; Lallias et al., 2015) and temporal dynamics (Guardi-
ola et al., 2016).
Although we are still far from using an harmonized DNA
metabarcoding approach to respond ecological issues (Zinger
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Fig. 3. Venn diagrams showing the total number of shared and unique OTUs among sampling stations, on each sampled year and for each of the target gene segments
used. DAR, Darque (blue); MEA, Meadela (green); POR, Santa Marta de Portuzelo (orange); SER, Serreleis (violet). Venn diagrams were obtained with the R package
VennDiagram (Chen and Boutros, 2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. PCoA showing dissimilarities in community composition based on the Jaccard dissimilarities matrices for COI and 18S in 2017 and 2018. Environmental
variables were superimposed on the ordination, with black and grey arrows showing significant (p < 0.05) and not significant (p > 0.05) fits, respectively.
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Fig. 5. Inferred association networks of meiofaunal OTUs. Networks are visu-
alized on a three-axes plot showing the sampling stations, years and primer
used. Red and blue lines are for significant negative (segregation) and positive
(aggregation) associations, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
et al., 2019), numerous progresses have been made in optimizing
procedures according to the communities of interest (Pavan-
Kumar et al., 2015; Creer et al., 2016). In a previous study
on Lima estuary, it was demonstrated how OTUs attributed to
meiofauna displayed a high turnover between sampling points
a few metres apart (Fais et al., 2020). The characterization of the
community was possible using 6 sampling units at each site, thus
differentiating each of them on a small-spatial scale; however,
with only 3 samples it was possible to attain approximately
85% of the total OTUs diversity of the intertidal meiofauna in
Lima estuary (Fais et al., 2020). Moreover, previous investigations
through DNA metabarcoding have demonstrated the importance
of a multi-locus approach and sample’s size for monitoring meio-
fauna in marine-coastal environments, focusing on small-scale
spatial variation (Brannock and Halanych, 2015; Cowart et al.,
2015; Haenel et al., 2017; Nascimento et al., 2018; Cordier et al.,
2019; Fais et al., 2020).
In the present study, sample diversity of intertidal meiofauna
was thoroughly assessed, as demonstrated by the achievement
of saturation in the rarefaction curves. Conversely, diversity of
the intertidal community was not sufficiently expressed, limit-
ing observations by around 15%, as shown from accumulation
curves still growing and in comparison to a previous study (Fais
et al., 2020). Nevertheless, this restraint was overcome by the
number of amplicon libraries produced (8 per station), which
accurately captures a broader range of phylogenetic diversity
of intertidal communities in Lima estuary. In terms of OTUs
richness and taxonomic composition, the use of two different
molecular markers [i.e., a portion of the cytochrome oxidase I
(COI) and a hypervariable region of the 18S rDNA], provided
interesting evidences. On the one hand, the higher OTU rich-
ness within the 18S compared to the COI marker; on the other,
the exclusive or preferential detection of particular taxa by one
of them in different levels of taxonomic identification. Despite
the lack of specific reference libraries in public databases (Tang
et al., 2012; Weigand et al., 2019), it was possible to detect
different predominant taxa (platyhelminths, amoebozoans and
ciliophorans) in addition to nematodes and some others taxa
(e.g., annelids, crustaceans, gastrotrichs and mites) recurring in
all stations, suggesting that some taxonomic groups may play an
important role on community’s structure. At a lower taxonomic
level, rhabdocoels (within platyhelminths) were more numerous
than nematode’s taxa; furthermore, a high variability of different
orders was detected among the stations and years of sampling.
Hence, from a qualitative point of view, the community was
variable in response to the environmental conditions at a small-
scale spatial variation. For example, triclades were present in
freshwater areas (POR-SER), and macrostomorphs and cyclopoids
were present in fine sands or muddy sediments. On the con-
trary, harpacticoids were found in all the stations, probably to
their dispersal and rapid recolonization abilities (Giere, 2009
and references therein). However, the taxonomic composition of
communities, in terms of relative proportion and occurrence of
phyla or sub-phyla in each station, appears to be fairly similar
between years.
Globally, intertidal meiofaunal communities in Lima estuary
were characterized mainly by marine-origin taxa, which could
be stressed by oligo- or mesohaline conditions, reflecting some
aspects already encountered for the macrobenthos of the same
area (Sousa et al., 2006). In such situations, the marine meiofauna
could have undergone a great adaptive effort, while the limnetic
meiofauna would have found more favourable conditions for
survival (Santos et al., 1996; Alves et al., 2015; Smyth and Elliot,
2016). Indeed, limnetic meiofauna may survive in more unstable
conditions, thanks to the persistence of quiescent stages (resting
eggs, cysts or cryptobiotic adults), which seem to be less frequent
in marine meiobenthos (Worsaee et al., 2019). Furthermore, some
taxonomic groups of limnetic meiofauna may reach easily the
coastal areas by the passive erosion and sediment transportation
downstream (Giere, 2009 and references therein), above all in
2018, when a higher precipitation was recorded in Northern Por-
tugal in comparison to the previous year (https://www.pordata.
pt/en/Home).
These results were also confirmed by the network structures
of co-occurring OTUs, which indicated mainly the existence of
relatively stable properties, irrespective of years and the high
levels of replacement detected by using the two genetic markers
(COI and 18S). Network properties appeared to shift sharply from
the downstream/high salinity end of the estuary to the mesoha-
line medium-upstream areas of the estuary, reinforcing the idea
that meiofaunal communities are characterized by redundancy
with dominance of taxa-specific traits and life-history charac-
teristics able to cope with different environmental conditions
(e.g., salinity, granulometry) along the estuarine gradient (Lallias
et al., 2015). This community-level pattern may have influenced
the degree to which OTUs aggregate, leading for an increas-
ing segregation (i.e., negative association) of close-relative taxa
characterized by similar responses to environmental conditions.
Thereby, despite the high changes observed in the fine taxo-
nomic hierarchies (i.e., species-level, assuming OTUs as species
proxies), the relative proportions of higher taxonomic ranks in-
dicated considerable stability in the meiofaunal communities’
composition. The lack of a significant temporal difference in both
beta-diversity and network features indicates that meiofaunal
communities are more affected by spatial rather than tempo-
ral variation, similarly to previous findings where spatial vari-
ability overrode temporal changes in determining community
composition of meiofauna (Sun et al., 2017).
These results suggested that meiofaunal community compo-
sition appeared to have a dual nature: on one side there were
numerous elements characterized by a sparse occurrence that
contribute to an exceptionally high level of spatial variation in
meiofauna’s OTUs, as suggested earlier in previous studies either
through classical (Alves et al., 2009) or metabarcoding (Fais et al.,
2020; Lallias et al., 2015; Nascimento et al., 2018) approaches.
On the other side, there were aspects of the community that
appear to remain relatively constant (i.e., proportion of taxonomic
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groups), or that can be associated with particular sites and en-
vironmental conditions (e.g., salinity and sediment features). For
instance, small benthic metazoans tend to cluster in microsites
rich in organic matter content (Giere, 2009; Nascimento et al.,
2008) and salinity has been also found as a main factor structur-
ing meiofaunal communities in marine environments (Alves et al.,
2009; Lallias et al., 2015; Fais et al., 2020; Sun et al., 2017).
Disentangling the components of beta-diversity allowed for a
more comprehensive understanding of the mechanisms driving
the observed diversity pattern (Baselga, 2010; Carvalho et al.,
2012; Legendre, 2014), showing the predominant role of re-
placement in explaining changes in community composition, a
pattern that was consistent in the two years of sampling. Here,
the key role played by replacement can be interpreted as a
consequence of the strong environmental filtering acting at dif-
ferent spatial scales (Hill et al., 2019), although other mechanisms
cannot be neglected (e.g., competition, historical events and evo-
lutionary history; Leprieur et al., 2011). The contribution of OTUs
replacement to beta-diversity was consistent and very high, ei-
ther between sampling points only four to five metres apart,
as well as among sampling stations along the estuary. Although
salinity was found to be the main parameter able to discrimi-
nate the sampling stations over large scale (i.e., estuary scale),
fine-scale environmental filtering may have contributed to this
pattern (Alves et al., 2009; Lallias et al., 2015; Fais et al., 2020;
Sun et al., 2017), suggesting that beta-diversity in meiofaunal
communities may depended on taxa-specific traits. These find-
ings were consistent with the results obtained by analysing the
network association pattern of OTUs attributed to meiofauna
within sampling stations.
Despite the high degree of replacement, association networks
were characterized by relatively stable properties, suggesting that
changes in meiofaunal community composition (even at fine-
spatial scale) were not associated with changes in network struc-
ture, showing parallel responses of OTUs to environmental fil-
tering. Our analysis also revealed a high ‘fidelity’ in the pattern
of OTUs association, with increasing negative associations (i.e.,
segregation) of OTUs and modularity moving from the inland
to the coast, independently of both primers and years of sam-
pling. The sampling station closer to the ocean, thereby with
the highest salinity regime (DAR), outstand compared to the
three remaining mesohaline stations spanning the mid-lower
estuary. Co-occurrence networks were clearly dominated by neg-
ative associations and high modularity in DAR, shifting sharply
(and significantly) to clearly positive-dominated associations and
low modularity in the remaining stations. This pattern may be
an outcome of non-overlapping habitat requirements along the
Lima estuary, leading for differences in the spatial distribution of
OTUs. This shift can be related with the opportunistic colonization
by truly marine species, which however were able to disperse
further upstream into the estuary, although the probability to
establish in non-suitable environments (i.e., mesohaline medium-
upstream areas) decreases with the increasing distance from the
coast. Therefore, the observed pattern of OTUs co-occurrence was
likely to be determined by the degree of environmental hetero-
geneity within and between sampling stations, leading to niche
differentiation and, consequently, to segregated and clustered
(i.e., modular) co-occurrence patterns.
The relatively stable network properties and association ‘fi-
delity’ patterns in space and time may indicate the replacement
of topologically similar OTUs, suggesting high taxonomic and/or
functional redundancy in meiofaunal communities (Rosenfeld,
2002). Thus, the wide replacement of species may not necessarily
compromise the functional performance of the community as
a whole (Cardinale et al., 2012). Relevant implications can be
derived for meiofauna-based environmental monitoring of estu-
aries. Viewed from a species (or OTU) composition perspective,
the presence of a high portion of variable components in these
communities made it harder to associate particular taxa with
specific environmental conditions, be it more disturbed or pris-
tine, a task that is more complex at start in a community whose
taxonomic knowledge is still very incipient (Fonseca et al., 2017;
Fontaneto et al., 2015; Giere, 2009). On the other hand, if certain
network properties are inherent features of these communities,
they could be linked with environmental settings regardless of
the species composition, serving as a yardstick to detect de-
partures from expected properties that signal more insidious
environmental disturbances.
5. Conclusions
As much as we are aware of the limited spatial and tempo-
ral survey dimension, this study is the first attempt to assess
intertidal meiofauna under an integrated approach, showing the
usefulness of merging DNA metabarcoding with network analysis
to highlight the peculiar characteristics of intertidal meiobenthos
and emphasizing its importance in environmental monitoring
strategies. Overall, our results suggest that the examination of
the network features in meiofauna may help understanding the
ecology and dynamics of these communities that apparently hold
large portions of variable elements, thereby making difficult their
analyses solely based on the OTU/species composition. For in-
stance, seasonal changes in species interactions can modulate the
effect of differences in species composition on the likelihood of
persistence in meiofaunal communities across the year, a sit-
uation which is likely to occur in extremely dynamic systems
as estuaries and intertidal zones. This raises a number of ques-
tions about how temporal and spatial changes in the pattern of
associations should generate different consequences on the func-
tioning of those systems. Our results corroborate the hypothesis
that more efficient biodiversity surveys should keep pace with
advances in eDNA protocols and novel analytical frameworks, to
better understand the mechanisms and dynamics of community
assembly processes, as well as their implications for ecosystem
functioning. Ongoing studies are now assessing whether these
findings can be extended to other estuarine systems.
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